Introduction
Investigations of the effects of various analogues of indoleacetic acid, phenoxyacetic acid, phenylacetic acid and benzoic acid on the elongation of sections of Avena coleoptiles (7, 8, 16, 17) have led to the conclusion that plant growth-regulators react by a nucleophilic substitution at a position on the ring ortho to the carboxyl group or the side chain carrying this group and with the carboxyl group itself. The evidence at hand indicates tnat a cysteinyl unit of a protein is the most likely substrate for the two-point ortho reaction as illustrated below with 2,4-dichlorophenoxyacetic acid. 
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There are nine important experimental requirements, in addition to the requirement of an unsaturated ring and a carboxyl group first postulated by KOEPFLI et al. (11) , which must be explained by any hypothesis which would correlate chemical structure of the growth regulators with physiological activity. These are (a) the effect of optical isomerism of the side chain (18, 35, 36) , (b) the effect of geometrical isomerism of the side chain (31, 32, 33) , (c) the ortho effect in benzoic acids (1, 16) , (d) the ortho effect in phenoxyacetic acids (7, 13, 17) , (e) the inhibiting effects of lactones (6, 32) and maleic hydrazide (4, 9, 14, 40) , (f) the inhibiting effect of cysteine (2), (g) the inhibiting effects of reagents specific for sulfhydryl groups (28, 29) , (h) the inactivity of phenoxyacetic acids without two open para positions (13) , (i) the effect of electron-releasing and electron-attracting ring substituents (16) . It is the purpose of this paper to present data on the relative activity of some growth regulators and to consider recent proposals for the reaction mechanism of the growth regulators in relation to the requirements listed above. Methods
Seedlings of Avena plants grown in sand in darkness for 88 to 90 hours under conditions of constant temperature (24 ± 1°C) and humidity (85%) were used as test material. The apical two millimeters of the coleoptile were removed and after two hours a single section, 3 ± 0.02 mm. in length, was cut from the apex with the primary leaf included within the coleoptile section. Fifteen such sections were floated on the surface of 25 ml. of a solution of the chemical in distilled water in a Petri dish. The compounds were tested over a concentration range of 10-8 to 10-4 M, and in some cases the higher concentrations included 5 x 10-4 M. When the concentration required to induce the growth response was great enough to give a pH of 5.4 or less, NaOH was added to raise the pH to 5.6 to 6.0. After 24 hours in the covered Petri dish in the dark room, the sections were removed and their length was measured with an ocular micrometer mounted in a binocular dissecting microscope at a magnification of 15 diameters.
Results and discussion
In formulating a measurement of the relative activity of chemical compounds in effecting the elongation of coleoptile sections several possibilities have been examined. The index of activity adopted here is the molar concentration of the compound causing a growth response compared with the molar concentration of indoleacetic acid (IAA) inducing the same growth response. An average elongation of the sections which is greater by 0.15 mm. (5%o of the original length) than the elongation occurring in distilled water was made the standard of growth response. The concentration of IAA giving this growth response in the tests reported here is 5 x 10-8 M.
The relative activities of 117 compounds are listed in tables I and II. The only compound which has been found to have a greater activity than IAA is the 4-chloro-derivative, and the only compound with equal activity is a-naphthaleneacetonitrile. By the activity index used here a-naphthaleneacetic acid and 2,3,5-triiodobenzoic acid have activities which are one half that of IAA, and 2,4-dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid have only one fourth the activity of IAA.
Following the report of JONES et al. (10) that indoleacetonitrile is activ-e in causing the elongation of Avena coleoptile sections a number of nitriles were tested. As shown in table II a-naphthaleneacetonitrile is as active as IAA and more active than naphthaleneacetic acid, and phenylacetonitrile is more active than phenylacetic acid. Benzonitrile is inactive as are a-naphthonitrile and y-phenoxybutyronitrile. ZIMMERMAN and WILCOXON (39) found a-naphthaleneacetonitrile caused an epinastic response which was slower than the response induced by other regulators and suggested the nitrile is hydrolyzed in the plant tissue to the acid. VELDSTRA (30) found both indoleacetonitrile and naphthaleneacetonitrile to be inactive in the pea test but active in root formation in cuttings and considered the latter activity to be due to hydrolysis. Since the only nitriles found to be active in the present investigation are those which may be hydrolyzed to give an acid which is active, it might be supposed that hydrolysis does take place in the tissue of the coleoptile, yet the same results would be obtained if the nitrile One proposal concerning the chemical structure required to effect cell elongation is that of WAIN (36) which emphasizes the presence of a hydrogen atom in the alpha position of the aryloxyacetic acids and suggests that the growth regulator which effects cell elongation is adsorbed onto an active (38) have found that 2,3,6-trichlorobenzoic acid brings about the same responses of epinasty, proliferation of tissue, formation of adventitious roots, modification of leaves, and development of parthenocarpic fruit that are effected by other regulators. In this laboratory 2,3,5-triiodobenzoic acid has been found to cause parthenocarpic fruit to develop when applied to ovaries of tomato in concentrations of 0.3 and 0.03% in lanolin paste (22) . The compound was also found to cause greater development of adventitious roots on cuttings of Euonymus at 10-6 M and 10-7 M. SNYDER has reported similar effects of the compound on the rooting of cuttings of Coleus when applied at a concentration of 1 p.p.m. (25) .
In active compounds of the type of cis cinnamic acid, the alpha hydrogen atom, the benzene ring, and the carboxyl group do not have the same spatial relation as in the saturated side chains of phenoxyacetic acids or phenylacetic acids and adsorption at precisely the same three points would therefore not be possible. It also seems unlikely that the active compounds, y-phenylbutyric acid and 3-indolebutyric acid (table II) , could be held by the carboxyl group and an alpha hydrogen atom and still have the ring adsorbed at the same point which holds the ring of phenylacetic acid or phenoxyacetic acid which have much shorter side chains.
The effect of alpha substitutions in the phenoxyacetic acids can be explained by the steric hindrance of the carboxyl group by the alpha alkyl groups. It is a well known fact (5, 20) in organic chemistry that the introduction of substituents on the alpha carbon atom greatly slows down the rate of reaction of the functional group, in this case the carboxyl group. This general problem has been discussed by WHELAND (37) . Thus, if the carboxyl group of a growth regulator reacts chemically then it is quite reasonable to expect that two groups on the alpha carbon atom would slow this reaction to a point where the activity of the compound is negligible. This possibility is even more likely in the case of a biological reaction brought about by large enzymatic catalysts which in themselves would require considerable freedom of approach to the reaction site than it would be with simple organic molecules.
Although K6GL and VERKAAIK (12) found that the D and L isomers of a-methylindoleacetic acid are of equal activity, WAIN (36) and THIMANN (26) have reported that in a number of phenoxyacetic acids such as 2,4-dichloro-a-methylphenoxyacetic acid with one alkyl group on the alpha car-bon, one optical isomer is active while the other is not. According to Wain's hypothesis one optical isomer would fit the three points of adsorption while its mirror image would not and a compound with both hydrogens substituted by alkyl groups would also not fit. However, the difference in activity of optical isomers resulting from an asymmetric carbon atom may also be explained by differences in reaction rates resulting from interference in combining with another asymmetrical center. As an example of this interference, it has been shown (5) that the D form of mandelic acid reacts much faster than the L form With L-menthol in an esterification reaction. The demonstration by W\AIN and coworkers (24, 36) of the antagonism of the inactive di-alpha substituted phenoxyacetic acids toward the effect of such regulators as 2,4-dichlorophenoxyacetic acid and the antagonism of the inactive isomer of 2,4,5-trichlorophenoxypropionic acid toward the effect of the acti-e isomer may be explained also on the basis of a two-poiint ortho reaction mechanism involving the carboxyl group. Despite the one or two alpha substituents the carboxyl group would be able to form a salt linkage with the basic group of the protein thus hindering the regulator from reacting at this point. Although a salt linkage could be formed the subsequent amidization would be prevented by the methyl groups. Compounds with steric hindrance of the carboxyl group but with open ortho positions could react at the ortho positions and prev-ent the regulator from completing the two-point attachment.
At first glance one might expect the di-ortho substituted benzoic acids to contain a sterically hindered carboxyl group as in the di-alpha substituted phenoxyacetic acids. Such benzoic acids are very slow to give many normal reactions (37) , but the mechanism postulated for 2,6-dichloro-and 2,3,6-trichlorobenzoic acids (16) In the activated complex state, the carboxyl group will be out of the plane of the ring and on the same side of the ring from which the nucleophilic group, X, is attacking the chlorine atom. The important point to note is that in this position the carboxyl group is attached to a ring carbon which in turn is attached to only two other atoms, i.e., two ring carbon atoms, which means that the carboxyl group will be relatively unhindered sterically for the amidization reaction which may now be promoted enzymatically. Thus, sterically, the structure of B would be analogous to a mono-alpha substituted phenoxyacetic acid, except that the latter would carry a hydrogen atom on the alpha carbon while the former would carry a momentarily unshared pair of electrons which might be satisfied by a proton or an enzyme. All of the benzoic acids listed in table II which cause cell elongation have a halogen atom or nitro group in the ortho position except 2,6-dimethylbenzoic acid. The importance of the halogen atom at the ortho position in determining the activity of the benzoic acids is demonstrated by the activity of 2,3,5-triiodobenzoic acid compared with the lack of activity of 2-amino-3,5-diiodobenzoic acid and 3,4,5-triiodobenzoic acid.
Although it was first shown by KOEPFLI et al. (11) that cis cinnamic acid causes cell elongation and the trans form does not, the importance of the geometrical isomerism of the side chain in determining the activity of all growth regulators with such forms has been emphasized by VELDSTRA and coworkers (31, 32, 33, 34) . The structure of the cis isomers is such that the side chain with the carboxyl group is held out of the plane of the ring because of steric hindrance. Veldstra has proposed that the active compound, must have a non-polar part (ring system) with an acidic polar group (preferably a carboxyl group) situated out of the plane of the ring as far as possible or as frequently as possible.
The mechanism of action of growth regulators as interpreted by Veldstra is inadequate in several respects. In the first place, as THIMANN (26) has pointed out, if having the carboxyl group out of the plane of the ring is the principal requirement, then the most active compounds should be those such as cis cinnamic acid in which this position is only one of many positions attainable by free rotation, however such compounds are not the most active. Even more difficult to explain on the basis of Veldstra's hypothesis is the inactivity of certain benzoic acids. VELDSTRA (31) has shown spectrophotometrically that in 2,6-dichlorobenzoic acid and 2,3,6-trichlorobenzoic acid the ortho substituents force the carboxyl group into a position at right angles to the benzene ring and the activity of these compounds is predicted by his hypothesis. Benzoic acids with substituents in both ortho positions are not necessarily active, however (16) . Included in table II are several benzoic acids which have groups in both ortho positions and which are inactive. These acids are 2,6-dimethoxybenzoic acid, 2,4,6-trimethylbenzoic acid, 2,4,6-triethylbenzoic acid, 2,4,6-triisopropylbenzoic acid, 2,6-dimethyl-4-methoxybenzoic acid and 2-methoxy-3,5-dichloro-4,6-dimethylbenzoic acid.
Certainly in these molecules there is no reason to doubt that the favored position of the carboxyl group is out of the plane of the ring and their lack of activity is not explained by Veldstra's hypothesis. It should be noted here that 2,6-dimethylbenzoic acid is weakly active. The supposition that the hydrophilic/lipophilic character of the molecule effects its activity does not help in understanding the effect of ring substituents in benzoic acid. For example, in comparing the very active 2,3,6-trichlorobenzoic acid with the completely inactive 2,4,6-trimethylbenzoic acid it seems highly unlikely that these two molecules would differ greatly in their hydrophilic/lipophilic ratio. Not only is the atomic volume of these groups the same (23), but they are both also weakly polar, fat soluble groups. In both molecules the chlorine atoms and methyl groups in the ortho positions would hold the carboxyl group in precisely the same position with respect to the ring.
The variation in activity shown by the phenylacetic acid and phenoxyacetic acid series is also not explained by Veldstra's hypothesis. In tables I and II are found several derivatives of these acids in which both ortho positions are substituted, thus preferentially holding the side chain out of the plane of the ring, yet all of them are inactive. These compounds include the 2,6-dichloro-, 2,6-dibromo-, 2,4,6-trichloro-, 2,4,6-tribromo-, 2,4,6-trimethyl-, and the 2,4-dichloro-6-methyl-derivatives of phenoxyacetic acid and 2,4,6-trimethylphenylacetic acid. Also inactive is 2,4,6-trimethyl-yphenylbutyric acid.
Any hypothesis attempting to correlate chemical structure and physiological activity must consider the important effect of di-ortho substitution on the activity of benzoic acids, phenylacetic acids and phenoxyacetic acids. Slight differences in adsorption characteristics are not adequate to account for the effects on activity. The existence of the ortho effect is illustrated strikingly by a comparison of the completely inactive 2,4,6-trichlorophenoxyacetic acid with the active 2,4,5-trichlorophenoxyacetic acid (table I) . Since these molecules are made up of exactly the same atoms their hydrophilic/lipophilic ratios would be the same, and the first compound which has the carboxyl group held out of the plane of the ring should, on the basis of Veldstra's hypothesis, be more active, yet it is inactive.
VELDSTRA and BooiJ (33) attempted to obtain a correlation between activity and the suppression of the polarigraphic oxygen maximum. They reasoned that the degree of adsorption of the organic compound to the mercury electrode (as measured by the suppression) would parallel its adsorption to a protoplasmic membrane. This ingenious experiment seemed to be a way to measure the hydrophilic/lipophilic coefficient, and it appeared in this first work that there was some correlation; however, a more extensive investigation (19) using his polarigraphic technique shows no correlation between activity and adsorption on the mercury electrode. From this in-vestigation and from a general consideration of the great difference in activity of very similar compounds such as those mentioned above, it would seem that knowledge of the hydrophilic/lipophilic ratio would be of little help in predicting or explaining relative activity except in extreme cases.
Neither the hypothesis of Veldstra nor that of Wain takes sufficient account of the effects of the type or position of the groups attached to the benzene ring. Neither view explains the effects of the compounds which are inhibitors of growth. The effects of lactones, cysteine, and reagents specific for the sulfhydryl group have been discussed in an earlier paper (8) . It seems likely that the growth inhibitor, maleic hydrazide, reacts in the same fashion as the lactones by reaction with a sulfhydryl group as follows: Undoubtedly a study of other stable organic compounds with double bonds activated by groups such as amides, esters, ketones, and nitriles would lead to the discovery of many compounds quite toxic to plant cells. Another recent study of the structure and activity of growth regulators is that of LEAPER and BISHOP (13) . They have prepared and tested all of the possible mono-, di-, and trichlorophenoxyacetic acids. Their tests indicated that unless the compound contained an open ortho position and in addition an open position para to the ortho position, the molecule was inactive or of very low activity. Thus they found that 3,5-dichlorophenoxyacetic acid was completely inactive. That this compound is inactive has been confirmed by THIMANN (27) Unless one postulates the displacement of the halogen in this compound, para quinone formation could result only through the destruction of the five-membered ring with the quinone forming through the 5 position and the point at which the nitrogen was attached. The quinone hypothesis fails to explain the activity of 2-methyl-5,7-dichloro-3-indoleacetic acid which has all positions blocked against quinone formation. Also a-naphthaleneacetic acid could not form a para quinone unless both rings are involved. Thus at present it is unlikely that quinone formation explains the requirement of an open set of para positions in the phenoxyacetic acids.
THIMANN (26, 27) has advanced some suggestions for the correlation of structure and activity of plant growth-regulators. He accepts the view that the regulators react chemically with a substrate and states that the reaction occurs at either the 2, 4, or 6 position on the ring of phenylacetic acids and phenoxyacetic acids with the nucleophilic influence divided between these three positions, with the result that no one of them is highly active. Thimann is led to the difficult position of this postulate by the observation that phenoxyacetic acid is inactive and the introduction of one halogen atom in the 2, 4, or 6 position increases the activity while the introduction of two halogen atoms as in 2,4-dichlorophenoxyacetic acid increases activity to a maximum. Thus the occupation of one or more of the ortho or para positions is believed to lead to intensification of the nucleophilic influence at the remaining positions. Not only does all theoretical and experimental work in organic chemistry point against such a hypothesis, but close examination of the structure of active compounds offers little support for it.
THIMANN (27) has found by means of the pea test that 2,6-dichlorophenoxyacetic acid is slightly active. A sample of this compound, kindly supplied by Dr. Thimann, was found to be inactive in the Avena section test. in this investigation. LEAPER and BISHOP (13) also report the compound to be completely inactive. At most, 2,6-dichlorophenoxyacetic acid must be regarded as of doubtful activity, although on the basis of Thimann's hypothesis one would expect it to be highly active. Thimann reports also that 2,4,6-trichloro-and 2,4,6-tribromophenoxyacetic acids are slightly active, although all other investigators have found these compounds to be inactive. The suggestion that the activity found may be due to hydrolysis seems unlikely for two reasons. First, it has been recognized for some time that an -OH group decreases rather than increases activity (27) . Secondly, even though a chlorine atom were replaced by a less effective hydroxyl group, the position would still be blocked for chemical reaction by the -OH group.
Thimann states that activation is by electron release to the 2, 4, and 6 positions and thus alkyl groups and particularly methyl groups should be effective in the activation of the phenoxyacetic acids and phenylacetic acids.
Considerable evidence exists to show that such activation does not occur. The best procedure is to introduce the group in the acids without any other complicating groups attached to the ring. As is shown in table I, o-methyl-, p-methyl-, m-methyl-, 3,5-dimethyl-, 2,4,6-trimethyl-, o-ethyl-, and o-isopropylphenoxyacetic acids are completely inactive or of low activity. On the basis of Thimann's hypothesis it is quite surprising that 2,4-dimethylphenoxyacetic acid has a very low activity since it is analogous to the very active 2,4-dichlorophenoxyacetic acid. The small activity of the p-methyl compound is also noteworthy. Just as interesting is the case of 2,4-dimethylphenylacetic acid which is shown in table II to be one half as active as phenylacetic acid. Here the methyl groups actually lower the activity. These examples are compounds substituted with one type of group; with substitution of sufficiently strong electron-attracting groups of other types the effect could be reversed. So far the only groups which have been found to confer activity individually on the phenoxyacetic acid ring are the halogens and the nitro group.
Thimann points out that resonance in the phenoxyacetic acids increases the electron density at the 2, 4, and 6 positions thus accounting for the activity at these points. The increased electron density is supposed to indicate reactivity with a weakly charged positive substrate which does not seem unreasonable for the phenoxyacetic acid series. With the halogenated benzoic acids however-a weakly charged positive substrate would be incapable of successful attack and substitution on the electron-deficient ring. Moreover, according to the hypothesis of Thimann, substitution of the ring of benzoic acid with electron-releasing groups such as -OH, -OR, and -NH2 should be more effective than the introduction of electronegative halogen atoms, yet, as shown in Although the ortho reaction mechanism seems to be the best working hypothesis for correlating the present data, it is not perfect. It does not offer an obvious explanation for the lack of activity of 2,4-dichlorobenzoic acid compared with the activity of 2,5-dichlorobenzoic acid nor for the activity of 2,6-dimethylbenzoic acid. A more difficult point to explain is the activating effect of a methyl group on the alpha carbon atom as shown by the greater activity of a-methylphenoxyacetic acid compared with phenoxyacetic acid which is weakly active. Also at the present time it is not clear why 3,5-dichlorophenoxyacetic acid is an inactive compound.
Summary
The relative activities of 117 chemical compounds including derivatives of indoleAcetic acid, phenoxyacetic acid, phenylacetic acid and benzoic acid have been determined on the basis of the molar concentration required to induce a minimal response in elongation compared with the molar concentration of indoleacetic acid inducing the same elongation. With such a measurement of relative activity only 4-chloro-3-indoleacetic acid is more active than indoleacetic acid (IAA). The same degree of activity as IAA is shown only by a-naphthaleneacetonitrile. The relative activity of naphhaleneacetic acid and 2,3,5-triiodobenzoic acid is half that of IAA, and 2,4-dichlorophenoxyacetic acid and 2,4,5-trichlorophenoxyacetic acid have one fourth the activity of IAA.
Recent hypotheses concerning the correlation of chemical structure with physiological activity of plant growth regulators have been examined as explanations for the activity or lack of activity of di-ortho alkyl substituted
